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Abstract 
Ce0.64Zr0.27Nd0.09Oδ mixed oxides have been prepared by three different 
methods (nitrates calcination, coprecipitation and microemulsion), characterized 
by N2 adsortion, XRD, H2-TPR, Raman spectroscopy and XPS, and tested for 
soot combustion in NOx/O2. The catalyst prepared by microemulsion method is 
the most active one, which is related to its high surface area (147 m2/g) and low 
crystallite size (6 nm), and the lowest activity was obtained with the catalyst 
prepared by coprecipitation (74 m2/g; 9 nm). The catalyst prepared by nitrates 
precursors calcination is slightly less active to that prepared by microemulsion 
but the synthesis procedure is very straightforward and surfactants or other 
chemicals are not required, being very convenient for scaling up and practical 
utilization. The high activity of the catalyst prepared by nitrates calcination can 
be attributed to the better introduction of Nd cations into the parent ceria 
framework than on catalysts prepared by coprecipitaion and microemulsion, 
which promotes the creation of more oxygen vacancies. 
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1.- Introduction. 
Mixed oxide catalysts of ceria doped with different cations are being 
investigated for diesel soot combustion, in order to replace current Pt-based 
formulations by some other cheaper active phases. A number of different ceria-
based mixed oxides have been investigated, like ceria doped with La [1-5], Zr 
[4, 6-12], Pr [2, 3, 5], Sm [2, 3], Tb [2], Y [3], Mn [13-15], Hf [8], Nb [16], Nd [5, 
17], Ru [18], Zn [19] or Gd [20]. Among all those ceria dopants Zr is the most 
studied, maybe because ceria-zirconia mixed oxides have used for more than 
30 years in Tree Way Catalysts [21]. 
Nevertheless, there are only few examples of reported studies dealing 
with ternary mixed oxide soot combustion catalysts consisting of ceria-zirconia 
doped with a third cation, and there is not a general agreement about the 
benefit of loading a third dopant together with Ce and Zr. Aneggi et all. [2] 
studied ternary ceria-zirconia catalysts doped with La, Pr, Sm or Tb cations for 
soot combustion in air and did not observed the positive effect of the third 
cation. On the contrary, Dulgheru and Sullivan [5] have recently studied La, Nd 
or Pr doped ceria-zirconia for soot combustion in a NOx/O2/N2 gas mixture, 
concluding that the incorporation of one of these three cations together with Ce 
and Zr has a positive effect on the catalytic activity. We have also studied Y-
doped [22] and Nd-doped [17] ceria-zirconia soot combustion catalysts and Y-
doping showed a little improvement on the activity while Nd-doping provided 
better results. It was observed for ternary Ce-Zr-Nd mixed oxides that Zr doping 
improved the thermal stability and redox properties of ceria and Nd doping 
improved additional the redox properties by creation of vacant sites [17]. 
Ternary Ce-Zr-Nd mixed oxides were also studied by Wang et al. [23] as Pd 
support in Three Way Catalysts, and it was also concluded that Nd improved 
the reducibility and redox behavior of ceria–zirconia mixed oxides, leading to 
the better catalytic activity in wider air/fuel ratios. 
In a previous study, the Ce-Zr-Nd mixed oxide composition was 
optimized for the simultaneous oxidation of soot, hydrocarbons and CO in 
simulated diesel exhaust conditions, and the best formulations were          
Ce0.73-xZr0.27NdxOδ with 0.01 ≤ x ≤ 0.09 [24]. For this reason, Ce0.64Zr0.27Nd0.09Oδ 
catalysts have been selected for the current study. 
On the other hand, it is known that the synthesis method of ceria-zirconia 
mixed oxides significantly affects their physicochemical features and catalytic 
behavior. For instance, high surface area ceria-zirconia solid solutions (BET 
surface area > 200 m2/g) were prepared by Terribile et at. [25] following a 
surfactant-assisted synthesis method, homogeneous ceria-zirconia mixed 
oxides with narrow particle-size distribution were prepared by Stark et al. [26] by 
flame-spray synthesis, Yu et al. [27] prepared nanoporous ceria-zirconia by 
means of a sonochemical method and Crocker et al. [28] obtained ceria-zirconia 
with 148 m2/g surface area by application of carbon templating. Some other 
straightforward methods have been widely studied for ceria-zirconia catalysts 
preparation, like coprecipitation [29] or direct calcination of a nitrate precursors 
mixture [30] among others. The catalytic combustion of soot was also studied in 
our group with Ce0.76Zr0.24O2 mixed oxides prepared by different methods, 
including coprecipitation with NH3, physical mixture of nitrates + calcination, 
physical mixture of oxides + calcination, solid combustion synthesis (SCS) with 
urea, citrate complexation route, reversed microemulsion and activated carbon 
fiber templating. It was concluded that both the BET surface area and the 
surface concentration of Ce and Zr on the catalyst surface affected the 
combustion of soot, and both features were strongly affected by the synthesis 
method. The most active Ce0.76Zr0.24O2 catalysts were those with high surface 
area and Ce and Zr surface concentrations near the nominal values, that is, 
those forming homogeneous solid solutions [31]. 
However, the effect of the synthesis method of ternary Ce-Zr-Nd mixed 
oxides on the catalytic combustion of soot has not been reported so far, and this 
is the goal of the current study. According to our previous experience, three 
methods have been compared: calcination of a Ce + Zr nitrate precursors 
mixture, coprecipitation and reversed microemulsion. Usually, the 
microemulsion methods allow obtaining high surface area oxides with good 
catalytic properties, the coprecipitation method is probably the most used 
synthesis route for ceria-zirconia mixed oxide catalysts because it is easy and 
the catalytic results are usually not bad and the nitrates calcination method is 
one of the simplest preparation procedures. 
2.- Experimental details. 
2.1. Catalysts preparation. 
Three Ce0.64Zr0.27Nd0.09Oδ mixed oxide catalysts have been prepared, 
which are referred to as “nitrates calcination”, “coprecipitation” and 
“microemulsion”. The metal precursors used were Ce(NO3)3·6H2O (Sigma 
Aldrich, 99%), Nd(NO3)3·6H2O (Aldrich, 99.9%) and ZrO(NO3)2·xH2O (Fluka, x ≈ 
6). The preparation procedures consisted of: 
• “nitrates calcination” catalyst: The required amounts of each metal 
precursor were thoroughly mixed in a mortar and calcined at 500 ºC for 2 
hours (heating rate 10 ºC). 
• “coprecipitation” catalyst: The required amounts of each metal precursor 
were dissolved in water and an ammonia solution was dropped until pH 
9. The precipitates were dried overnight at 110 ºC in air and calcined at 
450 ºC for 1 hour (heating rate 10 ºC). 
• “microemulsion” catalyst: the required amounts of each precursor were 
dissolved in water (130 g of all precursors in the proper ratio per liter of 
water) and a microemulsion in n-heptane was prepared, also adding 
Triton X-100 and hexanol. The water : n-heptane : Triton X-100 : hexanol 
weight ratio was 1 : 5.7 : 1.9 : 1.5.  A similar microemulsion was prepared 
but with tetramethylammonium hydroxide (340 g/L) instead of the metal 
precursors. Both microemulsions were mixed, stirred for 24 hours and, 
after precipitation, were centrifuged and the liquid was decanted. The 
solids obtained were washed with ethanol, dried overnight at 110 ºC and 
calcined at 450 ºC for 1 hour (heating rate 10 ºC). 
2.2. Catalytic tests. 
Soot combustion experiments were carried out in a tubular quartz reactor 
with soot catalysts mixtures (20 mg of soot + 80 mg of catalyst + 300 g SiC) 
prepared with a spatula in the so-called loose contact mode in order to obtain 
results with practical meaning [32]. Specific NDIR-UV gas analyzers for CO, 
CO2, NO, NO2 and O2 (Fisher–Rosemount, models BINOS 100, 1001 and 
1004) were used for gas monitoring. The model soot used was a carbon black 
by Evonik-Degussa GmbH (Printex U) and the gas mixture composition was 
500 ppm NO/5% O2/N2 (500 ml/min; GHSV = 30000 h−1). The reactor 
temperature was raised from room temperature until 700 ºC at 10 ºC/min. 
2.3. Catalysts characterization. 
 
N2 adsorption-desorption isotherms were carried out with the catalysts at 
-196 ºC in an automatic volumetric system (Autosorb-6, Quantachrome) after 
outgassing the catalysts at 150 ºC for 4 hours. The specific surface area and 
the pore sizes distribution were determined by the Brunauer, Emmett and Teller 
(BET) and Barret, Joyner and Halenda (BJH) methods, respectively. 
X-Ray difrractograms were recorded in a Bruker D8 advance device, 
(CuKα radiation with λ = 0.15418 nm) between 10º and 80º (2θ) and a step size 
of 0.05º. The crystal size was estimated with the Williamson–Hall’s method [33]: 
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where βTotal is the full width half maximum of the XRD peak, λ is the incident x-
ray wave length, θ is the position of the peaks, D is the crystallite size, and ∆d is 
the difference of the d spacing corresponding to a typical peak. A plot of 
βTotal·cosθ versus 4·sinθ yields the crystal size from the intercept value. 
Temperature programed reductions with H2 (H2-TPR) were carried out in 
a thermobalance TG-DTA (TGA/SDTA851and/LF/1600 from METTLER 
TOLEDO) coupled to a Mass Spectrometer (PFEIFFER VACUUM 
THERMOSTAR GSD301T quadrupole). 20 mg of fresh catalyst, 100 ml/min of a 
10 % H2/Ar flow and a heating rate of 10 ºC/min were used. The reduction of the 
mixed oxide catalysts was followed by the water released above 250 ºC (m/z 18 
signal). 
Raman spectra were obtained in a Bruker RFS 100/S Fourier Transform 
Spectrometer (Nd-YAg laser source of 1064 nm). 
XPS analysis of the catalysts was performed in a K-ALPHA Thermo 
Scientific device, using Al-Kα radiation (1486.6 eV) monochromatized by a twin 
crystal monochromator, yielding a focused X-ray spot with a diameter of 400 
μm, at 3 mA × 12 kV. The binding energy (BE) and kinetic energy (KE) scales 
were adjusted by setting the C1s transition at 284.6 eV, and the energy regions 
analyzed were those corresponding to C1s (279-298 eV), O1s (525-545 eV), 
Ce3d (870-930 eV), Zr3d (174-194 eV) and Nd3d (975-1050 eV). 
3.- Results and discussion. 
3.1. Catalytic tests. 
Figure 1 shows the soot conversion profiles obtained in the uncatalyzed 
and catalyzed reactions and Table 1 compiles the CO2 yield, which was 
calculates as the ratio between the total CO2 mole evolved with regard to the 
CO + CO2 sum. It has to be mentioned that the decrease of the NOx level 
during the reactions was less than 10% in all experiments. 
 As expected, all these three Ce0.64Zr0.27Nd0.09Oδ catalysts lower the soot 
combustion temperature with regard to the uncatalyzed reaction and increase 
the CO2 yield from 36 % to more than 90%. The sequence of activity observed 
is: 
microemulsion > nitrates calcination > coprecipitation >> No catalyst 
  The catalyst prepared by microemulsion method is the most active, which 
is not surprising, and the lowest activity was obtained with the catalyst prepared 
by coprecipitation. The catalytic behavior of the mixed oxide catalyst prepared 
by just calcination of the nitrates precursors mixture is very promising because, 
in spite of the activity is slightly lower to that of the catalyst prepared by 
microemulsion, the synthesis procedure is very straightforward and surfactants 
or other chemicals are not required. It is therefore very convenient for scaling up 
and practical utilization. 
3.2. Structural characterization of the catalysts by XRD and N2 adsorption. 
 The catalytic activity trend observed in Figure 1 is properly explained by 
the characterization results. Figure 2 shows the N2 adsortion-desorption 
isotherms at -196 ºC of the Ce0.64Zr0.27Nd0.09Oδ catalysts, Table 2 compiles the 
specific BET surface areas and Figure 3 shows the pore size distributions 
determined with the BJH method. All catalysts present type IV isotherms, 
according to the IUPAC classification, which are characteristic of mesoporous 
solids. The pore size distributions confirm that most pores are larger than 2 nm, 
lying on the mesoporous range. 
The highest BET surface area (see Table 2) was obtained by the 
microemulsion method (147 m2/g) and most pores are in the 2-6 nm range of 
sizes for this catalyst. The highest activity for soot combustion of this catalyst 
can be related to its high surface area (and small particle size, as shown 
below), which favors the contact with the soot particles. The important role of 
the specific surface area of ceria catalysts in the combustion of soot is well 
known [1, 2, 22], but it is also known that it is not the only factor affecting the 
activity [2, 22]. It was demonstrated for ceria-zirconia mixed oxides that the 
surface composition also plays a critical role on the activity [22], and the XPS 
characterization of the Ce-Zr-Nd catalysts prepared in this study and discussed 
afterwards supports this conclusion. 
The BET surface area of catalysts prepared by the nitrates calcination 
and coprecipitation methods are much lower (70-74 m2/g) to that of the catalyst 
prepared by microemulsion, as expected, and some differences are noticed in 
the pore size distributions. The catalyst prepared by coprecipitation presents a 
narrow pore size distribution with most pores in the 2-4 nm range while the 
catalyst prepared by nitrates calcination shows a wide distribution, with most 
pores between 2 and 9 nm.  
The catalysts characterization by XRD is consistent with the N2 
adsorption-desorption results. All X-ray diffractograms compiled in Figure 4 
show the reflexions of the typical cubic fluorite structure of ceria [25], and 
evidences of segregated phases are not obvious in these diffraction patterns. 
Nevertheless, evidences of a certain segregation of a Zr-rich tetragonal phase 
were previously obtained in Ce-Zr-Nd mixed oxides prepared by coprecipitation 
[24], probably because a different X-Ray diffractometer with higher resolution 
was used. For this reason, and taking also into account the experimental 
evidences provided by other techniques and discussed below, the segregation 
of different phases cannot be ruled out in the current study. 
 The catalyst preparation method significantly affected the position, 
intensity and broadening of the XRD peaks of Figure 4, and these differences 
are evidenced in the crystallite size and cell parameters compiled in Table 2. 
The cell parameters obtained for all catalysts (see Table 2) are around 
the value usually obtained with pure ceria (0.5411 nm; [17]) but it is difficult in 
this case to analyze the differences among samples into detail because they 
are in the order of the experimental error (± 0.0025 nm). However, Raman 
spectroscopy characterization discussed below seems more appropriate in this 
case, and shows differences in the incorporation of the Zr and Nd cations into 
the parent ceria lattice, in spite of the XRD results hardly show such differences. 
The smallest crystallite size (6 nm; see Table 2) corresponds to the 
mixed oxide prepared by microemulsion, which is consistent with the highest 
BET specific surface area of this catalyst (147 m2/g), and the crystallite size of 
the catalyst prepared by coprecipitation is slightly higher (9 nm), being also 
consistent with the lower BET specific surface area of this mixed oxide (74 
m2/g). The largest crystallite size corresponds to the catalyst prepared by 
nitrates calcination (37 nm), in spite of the BET specific surface area (70 m2/g) 
is quite similar to that of the catalyst prepared by coprecipitation. These 
differences can be explained taking the pore size distributions into account, 
since while the coprecipitation catalyst presents a narrow pore size distribution 
the nitrates calcination catalyst shows a much wider distribution. These XRD 
and pore size distribution results suggest that both the microemulsion and 
coprecipitation catalysts consist of a quite homogeneous agglomeration of 
particles (the former being smaller than the latter) while the nitrates calcination 
catalyst is expected to consist of a mixture of particles with different size. 
 
3.3. Catalysts reducibility studied by H2-TPR. 
 The H2-TPR profiles included in Figure 5 are in agreement with these 
morphologies. The H2-TPR profiles of doped ceria typically consist of a broad 
band centered around 500-550 ºC with a shoulder or tail at higher temperatures 
in some cases [34, 35], and all profiles of Figure 5 show this shape. In this type 
of experiments the catalyst surface is reduced first at mild temperature, and 
once surface oxygen is depleted bulk oxygen is consumed. If oxygen mobility 
into the lattice is poor the surface and bulk reduction peaks appear clearly split, 
but this is not the case of the catalysts under study. A single peak is obtained 
for the microemulsion catalyst, which is not surprising because, for solids with 
very low particle size (6 nm is the crystallite size of the microemulsion catalyst; 
see table2), there is a minor difference in the energies required for surface and 
bulk reductions. On the contrary, a certain shoulder is observed above 650 ºC 
in the catalyst prepared by nitrates calcination due to the reduction of the 
catalyst bulk, and this is consistent with the presence of large crystals on this 
catalyst. 
3.4. Analysis of Zr and Nd doping into the ceria lattice by Raman spectroscopy 
and XPS. 
 
Information about the incorporation of the Zr and Nd cations into the 
parent ceria framework is obtained from the Raman spectra of Figure 6. The 
three Ce0.64Zr0.27Nd0.09Oδ catalysts show an intense band around 465 cm-1 
characteristic of the cubic fluorite structure of ceria [36], which is in accordance 
with the X-ray diffractograms (Figure 4), and another band or shoulder at 560-
590 cm-1 that can be attributed to oxygen vacant sites created on the mixed 
oxide lattice [37]. The actual position of the main ceria band is in fact lower than 
465 cm-1 for all Ce0.64Zr0.27Nd0.09Oδ catalysts, which is the typical value for plane 
ceria. The shift of this band towards Raman shifts higher than 465 cm-1 occurs 
because of doping with cations smaller than Ce4+ (like Zr4+) while the shift 
towards lower Raman shifts occurs due to doping with larger cations (like Nd3+). 
Therefore, the position of the main ceria band in the Raman spectra (see the 
detail of this band in Figure 6) suggests that the effect of Nd3+ doping prevails 
with respect to that of Zr4+ doping in all catalysts. Among the three catalysts 
studied, the higher displacement of the main Raman band below 465 cm-1 was 
obtained with the nitrates calcination catalyst, and this catalyst also presents the 
most intense vacant sites peak at 560 cm-1. These two experimental evidences 
are consistent to each other, because a suitable substitution of Ce4+ cations by 
Nd3+ cations occurs together with the creation of oxygen vacancies to 
compensate the charges imbalance. For the coprecipitation and microemulsion 
catalysts, the formation of the solid solutions is expected to be controlled by the 
solubility constants of the salts formed in alkali media. The solubility-product 
constants for Ce(OH)3, Zr(OH)4 and Nd(OH)3 are 1.5·10−20, 2·10−48 and 5·10−23, 
respectively [38, 39], and therefore, cerium and neodymium cations are 
expected to coprecipitate more homogeneously than zirconium cations, whose 
solubility is much lower.  
 In order to obtain additional information about the distribution of the 
different cations into the catalyst particles, chemical analyses of the catalyst 
particles surface was carried out by XPS, and the results obtained are compiled 
in Table 3. The surface carbon concentration is about 25 at. % for all catalysts 
due to atmospheric CO2 chemisorption. The ratio between the atomic fraction of 
cerium on the catalysts surface measured by XPS and the nominal cerium 
atomic fraction according to the Ce0.64Zr0.27Nd0.09Oδ formula is 0.73-0.77 for all 
catalysts. This means that there is less cerium on the catalysts surface to that 
predicted by the general stoichiometry, since a value of 1 would be obtained if 
the surface and stoichiometric atomic fractions were equal. On the contrary, the 
ratio between surface and nominal zirconium is 1.83-1.89 for all catalysts, 
evidencing that all catalysts present more zirconium on surface to that predicted 
by the stoichiometric formula. Minor differences are noticed in the cerium and 
zirconium surface/nominal ratios among the three catalysts studied. 
Nevertheless, differences are observed in the Nd ratios. The ratio between the 
atomic fraction of neodymium on the coprecipitation and microemulsion 
catalysts surface and the nominal atomic fraction is 0.18-0.19, while this value 
increases to 0.29 for the nitrates calcination catalyst. Since all values are lower 
than 1, it is deduced that there less neodymium on the catalysts surface to that 
predicted by stoichiometry, but the nitrates calcination catalyst has more 
neodymium on surface than the counterparts prepared by coprecipitation and 
microemulsion. This is consistent with the higher amount of oxygen vacant sites 
detected by Raman spectroscopy in the nitrates calcination catalyst and also 
with the highest shift of the main Raman band observed for this catalyst (see 
Figure 6). The differences observed in the cations distribution in the nitrates 
calcination catalyst with regard to the other two catalysts could be related to the 
fact that nitrates calcination is not affected by the solubility of the cationic 
species in water, as occurs for the coprecipitation and microemulsion methods.  
 In summary, the Raman spectroscopy and XPS characterization 
evidence that there is better introduction of Nd cations into the parent ceria 
framework for the catalyst prepared by nitrates calcination than for those 
prepared by microemulsion and coprecipitation, which promotes the creation of 
more oxygen vacancies. This would explain the high catalytic activity for soot 
combustion of the nitrates calcination catalyst, that is, Nd doping leads to the 
creation of a high amount of oxygen vacancies and this is expected to promote 
the exchange of oxygen with the gas molecules (mainly NO2 and O2 [1, 40]) 
which are responsible of the release of highly reactive oxygen species to soot. 
 Summing up all the experimental observations it can be concluded that 
the best catalytic performance of the microemulsion catalyst is related to its high 
surface area and low crystallite size, which improves the soot-catalyst contact 
and favors the transfer of active oxygen species from catalyst to soot. However, 
the nitrates calcination catalyst, which has not such high surface area, is able to 
nearly approach the catalytic activity of the microemulsion catalyst because Nd 
is loaded into the mixed oxide more efficiently. According to this conclusion, the 
future challenge would be to prepare high surface area Ce-Zr-Nd mixed oxides 
with proper Nd incorporation into the parent ceria lattice.  
 
4.- Conclusions. 
Ce0.64Zr0.27Nd0.09Oδ mixed oxides have been prepared by nitrates 
calcination, coprecipitation and microemulsion, characterized and tested for 
soot combustion, and the main conclusions of the study can be summarized as 
follows: 
• The catalyst prepared by microemulsion method is the most active, and 
the lowest activity was obtained with the catalyst prepared by 
coprecipitation. The catalyst prepared by nitrates precursors calcination 
is slightly less active to that prepared by microemulsion but the synthesis 
procedure is very straightforward and surfactants or other chemicals are 
not required, being very convenient for scaling up and practical 
utilization. 
• The best catalytic performance of the microemulsion catalyst is related to 
its high surface area and low crystallite size. 
• The high activity of the catalyst prepared by nitrates calcination can be 
attributed to the better introduction of Nd cations into the parent ceria 
framework, which promotes the creation of more oxygen vacancies. 
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 Table 1. CO2 yield with regard to total COx released as soot combustion product in 
experiments performed with 500 ppm NO + 5% O2 + N2 (balance). Soot-catalyst 
mixtures were prepared in loose contact mode. (GHSV: 30000 h-1). Soot conversion 
profiles are shown in Figure 1. 
 
 
 
 
 
Table 2. Results of the N2 adsorption-desorption and XRD characterization of the 
catalysts. 
Catalysts synthesis method 
BET 
(m2/g) 
Cell parameter 
(nm)* 
Crystallite size  
from W-H eq. 
(nm) 
Coprecipitation 74 0.5401 9 
Nitrates calcination 70 0.5420 37 
Microemulsion 147 0.5365 6 
*The experimental error is estimated to be ± 0.0025 nm 
  
Catalyst CO2 yield (%) 
None 36 
Coprecipitation 93 
Nitrates calcination 92 
Microemulsion 93 
Table 3. Surface characterization of the Ce0.64Zr0.27Nd0.09Oδ catalysts carried out by XPS. 
 
Catalyst Ce
3+ 
(at. %) 
Ce 
(at.%) 
Zr 
(at.%) 
Nd 
(at.%) 
O 
(at.%) 
C 
(at.%) 
CeXPS/Cenominal 
(at. ratio) 
ZrXPS/Zrnominal 
(at. ratio) 
NdXPS/Ndnominal 
(at. ratio) 
Surface cations 
stoichiometry 
Coprecipitation 37.5 12.44 13.40 0.42 49.41 24.33 0.74 1.89 0.18 Ce0.474Zr0,510Nd0.016Oδ  
Nitrates calcination 40.2 12.70 13.87 0.71 47.45 25.27 0.73 1.88 0.29 Ce0.465Zr0,508Nd0.026Oδ 
Microemulsion 37.5 13.26 13.35 0.47 47.96 24.96 0.77 1.83 0.19 Ce0.490Zr0,493Nd0.017Oδ  
 
  
Figure Captions 
 
Figure 1. Soot combustion experiments performed with 500 ppm NO + 5% O2 + N2 
(balance). Soot-catalyst mixtures were prepared in loose contact mode. (GHSV: 30000 
h-1). 
Figure 2. N2 adsortion-desorption isotherms at -196 ºC of the Ce0.64Zr0.27Nd0.09O2 
catalysts. 
Figure 3. Pore size distribution of the Ce0.64Zr0.27Nd0.09Oδ catalysts determined by the 
BJH method. 
Figure 4. X-Ray difractograms of the Ce0.64Zr0.27Nd0.09Oδ catalysts. 
Figure 5. H2-TPR characterization of the Ce0.64Zr0.27Nd0.09Oδ catalysts. 
Figure 6. Raman spectroscopy characterization of the Ce0.64Zr0.27Nd0.09Oδ catalysts 
(signal intensity was normalized for the same intensity of the F2g peak at ~465 cm-1). 
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Figure 6.  
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